Global assays of gene expression and protein stability during the Caulobacter crescentus cell cycle reveal that a surprisingly large fraction of the genome and proteome is affected as cells grow and divide. These studies are an important step toward understanding how the cell cycle is controlled in prokaryotes.
The complete chromosomal DNA sequences of more than thirty microorganisms have been reported over the last six years. Despite the compactness of microbial genomes relative to those of multicellular eukaryotes, the genetic richness of microbes has repeatedly exceeded all expectations. In addition to revealing thousands of novel genes, genome sequences have uncovered previously unrecognized metabolic capacities in many microbes, and diverse sensing and signalling systems. Genome sequences have become launching pads for renewed investigations of microbial physiology and behavior, often using new experimental tools. Perhaps the most significant technology that has emerged is the use of miniaturized DNA hybridization systems -microarrays -to simultaneously assay the expression of thousands of genes, and thereby reveal the manner in which an organism employs its genetic arsenal under various conditions. This approach is particularly useful when applied to complex processes expected to involve many genes, such as the cell cycle [1, 2] .
The cell cycle -the orderly replication, distribution, and division of cellular constitutents and genetic material necessary for cells to multiply -has been most extensively examined in eukaryotes. Two microbes, the budding yeast Saccharomyces cerevisiae and the distantly related fission yeast Schizosaccharomyces pombe, are the premier eukaryotic model systems for genetic studies of the cell cycle. These organisms grow easily in the lab, and large populations of cells can be made to move synchronously through the cycle. The entire genome sequence of S. cerevisiae was completed by 1996 [3] , paving the way for large-scale analysis of gene expression, function and genetic variation in this organism [4] . Research on yeast has contributed significantly to interpreting the behavior of human cells, in which defective cell-cycle control mechanisms can lead to cancer. But what about prokaryotic cells? The mechanisms by which prokaryotes control movement through the cell cycle are not well understood. Aside from a compelling academic interest in learning more about how bacteria work, there are practical reasons to examine the prokaryotic cell cycle. Diseases caused by bacterial pathogens cause millions of deaths every year, and resistance to widely used antibiotics is continually increasing. Knowledge of the proteins and regulatory mechanisms used for cell-cycle control in bacteria could lead to the development of new antimicrobial agents that block this essential function.
The most useful bacterial model for investigating the cell cycle is the harmless aquatic organism Caulobacter crescentus [5] . Caulobacter exhibits two morphologically distinct types of cells: a non-motile stalked cell and a flagellated swarmer cell (Figure 1 ). The chromosome of swarmer cells is not replicating, so by analogy to the eukaryotic cell cycle swarmers can be considered to be in G1 phase (Figure 1 ). Swarmer cells can be isolated by density centrifugation to obtain a population that is synchronized in G1. They subsequently eject their single polar flagellum and grow a stalk, a thin tubular extension of the cell envelope, from the same pole. As DNA replication initiates at this time, the swarmer-to-stalked cell transition begins S phase. As chromosome replication proceeds, the stalked cell lengthens, and a new flagellum is assembled at the pole opposite the stalk. A short period between completion of DNA replication and cell division constitutes G2. Ultimately, a new swarmer cell is released from a stalked cell; both progeny then enter the cycle again, although at different points as the stalked cell skips G1.
Control of cell-cycle progression in Caulobacter seems to rely on mechanisms common to yeast and other eukaryotes: signalling pathways relying on protein phosphorylation, finely tuned expression of regulatory proteins, and targeted degradation of regulatory proteins at crucial junctures in the cell cycle [5] . One important player in the Caulobacter cell cycle, which happens to illustrate each of these mechanisms, is the CtrA protein. CtrA acts as an essential 'master regulator' overseeing several important cellular processes [6] . It activates transcription of early flagellar genes, a critical DNA methyltransferase and some cell-division genes, while repressing expression of other cell-division genes and controlling the initiation of chromosomal replication by binding to the origin. CtrA is synthesized early in S phase, and is proteolytically degraded by the ClpXP protease in the progeny stalked cell, but not the swarmer cell, at the time of division [5, 6] . In the swarmer cell, CtrA is degraded at the end of G1.
CtrA is a member of the 'response regulator' superfamily of bacterial proteins that require phosphorylation for activity [7] . Response regulators typically form half of a two-component signalling system, the other half of which is a histidine protein kinase, often referred to as the 'sensor kinase'. CtrA is unusual in that there may actually be several kinases capable of phosphorylating it, although the in vivo roles of each, and the signals to which they respond, are not completely understood [5] . CtrA and its cognate kinase(s) are not the only two-component systems involved in the Caulobacter cell cycle. Others have been shown to have roles in the expression of flagellar genes and stalk synthesis [5] , but this may be just the tip of the iceberg. When the Caulobacter chromosomal DNA sequence of just over four million base pairs was completed recently [8] , it was found to be unexpectedly rich in proteins involved in signal transduction, including 34 histidine protein kinases, 44 response regulators, and 27 hybrid proteins displaying kinase and response regulator domains. Very few of these genes had been examined previously in any significant way.
In order to get a broad picture of the cell-cycle regulation of gene expression in Caulobacter, and to identify new potential regulatory factors, Laub et al. [2] used genome sequence data to produce a glass slide microarray [9] . Because the array was produced before the Caulobacter genome project was actually completed, it contained probes for only about 80% of the predicted genes identified in the final chromosomal sequence -2966 genes out of 3767. To probe the array, RNA was purified from synchronous populations of cells harvested at progressive times during the cell cycle. The RNA samples were used to generate fluorescently labeled complementary DNA (cDNA), which was then hybridized to the array. Using RNA from a non-synchronous culture as a reference standard, 553 genes -19% of those examined -were identified whose mRNA levels fluctuated significantly and reproducibly over the course of the cell cycle. By comparison, microarray analysis of gene expression during the S. cerevisiae cell cycle found 800 genes -13% of the 6100 analyzed -whose expression varied during the cell cycle [1] . To appreciate the significance of these findings, only 72 Caulobacter genes and 104 S. cerevisiae genes had been shown to be cell-cycle regulated before the array studies [1, 2] .
The microarray studies confirm that Caulobacter and yeast, and presumably other organisms as well, are quite efficient at expressing genes precisely when their products are needed [1, 2] . In both organisms, many enzymes used for nucleotide synthesis, replication initiation, DNA polymerization and DNA repair show peak expression in G1 phase or during the G1-to-S transition (Figure 1 ). Several Dispatch R223
Figure 1
Gene expression during the cell cycles of the bacterium Caulobacter crescentus (top) and the yeast Saccharomyces cerevisiae (bottom Caulobacter gene products that are involved in chromosome partitioning are induced in G2. During the intervening S phase, the flagellar biosynthetic pathway kicks in. Bacterial flagella are sophisticated organelles assembled in a highly organized process from at least 15 subunits, with additional gene products involved in subunit secretion and regulation [10] . The activities of nearly 40 genes involved in flagellar assembly in Caulobacter were measured in this experiment, demonstrating an exquisite temporal flow in which subunit expression patterns correspond beautifully with the predicted assembly sequence. As the flagellum is made, the chemotaxis system is expressed as well, so that movement can be directed.
At first glance, it would seem that temporally co-regulated genes are likely to be under the control of the same transcription factors. For example, among a cluster of over one hundred S. cerevisiae genes expressed specifically in G1, 58% had a perfect consensus binding site for the MBF transcription factor in the promoter region, as compared to 6% of non-G1 induced promoters [1] . In Caulobacter, experiments were done with engineered strains in which CtrA activity could be manipulated. When CtrA activity was turned off, expression of 84 genes dropped significantly, while another 60 genes increased their expression [2] . Combined, these account for about 25% of all the cellcycle-regulated genes. Interestingly, less than half of the genes whose expression was affected by CtrA contain an upstream sequence to which it is likely to bind, suggesting that CtrA regulation is indirect [2] .
Other mediators of cell-cycle regulation most certainly await identification in Caulobacter. Many uncharacterized transcription factor homologs were seen whose distinctive expression patterns could lead to parallel variations in the expression of target genes during the cell cycle [2] . Included among these are 23 proteins with response regulator domains, and five sigma factors. Expression of two of these sigma factors is strongly induced at the G1-S phase transition, and repressed by CtrA. The sigma subunit of bacterial RNA polymerase holoenzyme determines its promoter specificity. One Caulobacter sigma factor, RpoN, was already known to become active later in S phase [11] , but there is precedent for multiple sigma factors having critical roles in bacterial developmental processes, such as endospore formation in Bacillus subtilis [12] .
Microarrays assay RNA levels, but the lifetime of the protein product of a gene can also be critical for cell-cycle regulation. Proteolysis can ensure that regulatory proteins are removed when or where they are no longer desired, as in the well-studied case of cyclins in eukaryotic cells [13] . In Caulobacter, CtrA and several other proteins involved in flagellar assembly, chemotaxis, cell division and DNA methylation are subject to regulated proteolysis [5] .
Grunenfelder et al. [14] addressed the issue of protein stability in Caulobacter on a global scale, using pulselabelling and two-dimensional polyacrylamide gel electrophoresis. Of nearly a thousand polypeptides observed in Caulobacter samples, forty-eight were found to be present for the equivalent of less than half the cell cycle, and were thus defined as 'unstable'. There is a striking correlation between cell-cycle-regulated expression and instability: more than half of the unstable proteins also exhibit cell-cycle-regulated synthesis, much higher than the frequency of cell-cycle regulation in the general population (15%). In fact, the correlation is sufficiently strong that it is probably worth looking for unstable proteins in bacteria that cannot be readily synchronized as a way of identifying proteins that might be relevant to the cell cycle in these organisms.
Grunenfelder et al. [14] were able to identify many of the Caulobacter polypeptides in two-dimensional gels using peptide-fingerprinting mass spectroscopy, the results of which were compared to a database of polypeptides predicted from the Caulobacter genome sequence in order to assign gel spots to specific gene products. It was especially difficult to recover sufficient material from unstable proteins for analysis, but the identity of eleven of the unstable cell-cycle-regulated proteins could be determined. These included CtrA and the CcrM DNA methyltransferase, as well as several uncharacterized gene products. One is a protease that could be responsible for cell-cycle-regulated turnover of other proteins. Soluble components of the chemotaxis machinery were also found to be unstable; these proteins are likely to be eliminated at the G1-S transition, as are the integral-membrane chemoreceptors of Caulobacter [15] . It should be pointed out that membrane proteins, the products of roughly 20% of the genes in a typical bacterial genome [16] , are not resolved well by standard two-dimensional gel methods, but modified protocols are being developed to analyze such proteins separately [17] .
For many Caulobacter and yeast genes, it is difficult at present to make sense of cell-cycle expression or stability data. One obvious problem is that so many genes have no established function, or even a predicted function based on similarity to characterized genes from other organisms. In Caulobacter, these constitute 45% of the total predicted coding regions, which is not atypical for sequenced bacterial genomes. Developing methods for functional analysis on a genomic scale is a major challenge for the postgenomic era [4] . But even genes with known or suspected functions can yield unexpected expression patterns. For example, expression of the α subunit of the F 1 F 0 ATP synthase in Caulobacter is induced in S phase, and moreover the protein is quite unstable [14] . Does this mean that respiratory ATP synthesis is confined to S phase, and if so, why? During S phase, there is also a burst of expression of ribosomal proteins, along with the α and β subunits of RNA polymerase and subunits of the respiratory enzyme NADH dehydrogenase [2] . This suggests a major increase in metabolic activity in the stalked cell, consistent with some of the older physiological studies on Caulobacter differentiation. It should be fascinating to explore the mechanisms by which such a diverse group of genes is co-regulated.
Microarrays and proteome analysis are the wave of the future -techniques capable of seeing 'the big picture', no matter what organism they are applied to. These approaches will be particularly rewarding to those interested in microbial biology, as applying such technologies to organisms with just a few thousand genes is feasible (though not inexpensive) for individual academic laboratories or small groups of collaborators. New papers based on such approaches are appearing every month. Microarrays have been used to examine gene expression in S. cerevisiae under varying growth conditions [18] . Transcription patterns have been studied during endospore formation in B. subtilis [19] . Proteomic methods are being applied to understanding many important activities of microbes [20] . It is not unreasonable to think that combining microarray and proteome assays with systematic mutational analysis could lead to complete maps of the regulatory networks controlling complex functions, such as the cell cycle, within the next decade.
